ABSTRACT: Remarkable recent advances on Au 25 (SR) 18 nanoclusters have led to significant applications in catalysis, sensing, and magnetism. However, the existing synthetic routes are complicated, particularly for the water-soluble Au 25 (SG) 18 nanoclusters. Here, we report a single-step concentration and temperature-controlled method for rapid synthesis of the Au 25 (SG) 18 nanoclusters in as little as 2 h without the need for low-temperature reaction or even stirring. A systematic time-based investigation was carried out to study the effects of volume, concentration, and temperature on the synthesis of these nanoclusters. Further, we discovered for the first time that the Au 25 (SG) 18 nanoclusters exhibit excellent photothermal activities in achieving 100% cell death for MDA-MB-231 breast cancer cells at a power of 10 W/cm 2 using an 808 nm laser source, demonstrating applications toward photothermal therapy.
INTRODUCTION
Thiol-stabilized atomically precise gold nanoclusters are gaining a lot of importance due to their intriguing properties and applications, such as catalysis, toxic metal-ion sensing, and magnetism. 1−5 Among different sizes of atomically precise gold nanoclusters, Au 25 (SR) 18 nanoclusters are extensively investigated for their high thermodynamic stability and ease of synthesis. 6−8 Recently, the Au 25 (SR) 18 nanoclusters have been widely explored for novel synthetic methods, formation mechanism, and postsynthesis functionalization. 9−11 In the past, most reported methods for the Au 25 (SR) 18 synthesis were either performed at 0°C and/or inert conditions. 12−15 Recently, new synthesis techniques have been developed that simplify the process to be able to perform it under roomtemperature conditions. 6 However, majority of these synthesis methods focus on the organically soluble Au 25 (SR) 18 nanoclusters (where SR = aryl group such as phenylethylthiol). 6 Considering that most gold nanoparticle-based bioapplications 16, 17 require water solubility, there has been an increasing focus on water-soluble Au 25 (SR) 18 nanoclusters. Toward this direction, there are recent reports on the synthesis of watersoluble Au 25 (SR) 18 nanoclusters (where R = glutathione, cysteine, and captopril). 18−23 However, most of these synthesis methods use a complicated polyacrylamide gel electrophoresis (PAGE)-based nanoparticle separation technique. Recently, Jin and co-workers have reported a "size-focusing" method for the synthesis of Au 25 SG 18 nanoclusters that eliminated the PAGEbased separation processes albeit with a prolonged synthesis time (114 h). 14, 24 To reduce the synthesis time, the same research group have also reported a high-temperature synthesis method, where the nanoclusters were heated to 45°C to reduce the time taken for the size-focusing step. However, the method still required 10 h of time.
14 Later, Jin and co-workers have also reported on a simpler one-pot synthesis of Au 25 (SG) 18 , with 2 and 4 nm gold nanoparticles. 25 However, the method still requires an initial low-temperature nucleation step. The size-focusing method has been predominantly utilized by other research groups for the synthesis of Au 25 (SR) 18 nanoclusters. 26, 27 However, most of the reported works still suffer from being multistep processes. In view of the complexities involved currently in the synthesis of watersoluble Au 25 (SR) 18 nanoclusters, we have developed a simpler single-step and cost-effective method without the need for any complicated steps (not even stirring). Our synthesis method involves just mixing of optimal concentration of reagents at 60°C
to form Au 25 (SG) 18 nanoclusters in as little as 2 h. Further, due to the biocompatible nature of the Au 25 (SG) 18 nanoclusters, we have for the first time demonstrated their application for photothermal therapy (PTT) using MDA-MB-231 breast cancer cells. The Au 25 (SG) 18 nanoclusters were extensively studied for various applications including sensing 28 and cancer radiation therapy 29 18 Nanoclusters. In a typical synthesis, 5 mg of HAuCl 4 (0.013 mmol) was dissolved in 10 mL of Milli-Q water. To this solution, 16 mg of L-glutathione reduced (0.052 mmol) dissolved in 10 mL of Milli-Q water was added. The solution turned into cloudy white color within seconds, indicating the reduction of Au(III) to Au(I). To this mixture, 5 mg of NaBH 4 (0.132 mmol) freshly dissolved in 10 mL of Milli-Q water was added successively. The solution turned brown instantaneously, indicating the reduction of Au(I) to Au(0) along with effervescence from the borohydride reduction. The solution vial was placed in a water bath at 60°C for 2 h for the completion of Au 25 (SG) 18 nanoclusters formation (alternatively, it can also be aged at room temperature for 24 h for the completion of nanoclusters formation). The solvent was then evaporated using a rotavapor at 50°C and low pressure to concentrate the solution to 2 mL. To this solution, 10 mL of methanol was added and centrifuged at 10 000 rpm for 15 min to precipitate the nanoclusters. The dark brown precipitate was then dispersed in fresh Milli-Q water, and the methanol washing was repeated. The fresh precipitate thus obtained was then redispersed in Milli-Q water and used for further characterization.
2.3. Synthesis Variations. To investigate the effects of volume, concentration, and temperature on the synthesis of Au 25 (SG) 18 nanoclusters, the synthetic process was carried out with different variations. For the volume dependence study, the process was scaled up to 5 times in volume (i.e., 25 mg of HAuCl 4 in 50 mL + 80 mg of Lglutathione reduced in 50 mL + 25 mg of NaBH 4 in 50 mL). For the concentration dependence study, the process was carried out with 5 times the concentration of reactants (i.e., 25 mg of HAuCl 4 in 10 mL + 80 mg of L-glutathione reduced in 10 mL + 25 mg of NaBH 4 in 10 mL), and for the temperature dependence study, the process was carried out at room temperature (25°C), 45 and 60°C. The UV− visible (vis) absorption spectra of the samples were obtained at different time intervals in all of the three different variation studies.
2.4. Cell Culture. MDA-MB-231 cells were cultured with RPMI 1640 medium supplemented with 10% fetal bovine serum, 100 U/mL penicillin, and 100 U/mL streptomycin in a humidified atmosphere of 5% CO 2 at 37°C. The cells were trypsinized and reseeded every 2−3 days. For photothermal experiments, MDA-MB-231 cells were treated with 0.05% trypsin to detach from the bottom, collected and centrifuged at 1000 rpm for 5 min, and then resuspended to the density of 10 6 /mL before seeding to a 96-well plate. The cells were incubated for 1 day to allow the cells to attach on to the bottom.
2.5. Photothermal Experiment. After 1 day of cell culture, the photothermal experiment was carried out. First, the culture medium for MDA-MB-231 cells was replaced by culture medium including 0.75 mg/mL Au 25 (SG) 18 nanoclusters (50 μL for each well) and further incubated for 6 h. The photothermal treatment was carried out by using an 808 nm diode laser, which was focused on to the cells within the Au 25 (SG) 18 nanocluster medium. The laser powers used for the photothermal study were 5, 6.25, 7.5, 8.75, and 10 W/cm 2 , and each of these powers were tested on the cells for time periods of 1, 2, 3, 4, and 5 min. Further, the laser irradiation on the cells was carried out in triplicate to calculate the error bars. After laser irradiation, the cells were incubated for 12 h before detection. Cell Live/Dead assay kit (Calcein-AM, EthD-1) was used for cell staining, and then the sample was observed by a Nikon Ti-E fluorescent microscope to detect the vitality of the cells. Control experiments were also performed to ensure the accuracy of the PTT effect on cells. To analyze the influence of nanoclusters on the cells, they were incubated with different concentrations (0.25, 0.50, 0.75, and 0.10 mg/mL) of Au 25 (SG) 18 nanoclusters and incubated for 18 h without laser irradiation before the cell vitality assay. Further, to validate the influence of the laser irradiation on cells, the cells without the presence of Au 25 (SG) 18 nanoclusters were irradiated by laser with the same conditions of the experimental group as those of the blank control.
2.6. Sample Characterization. The optical absorbance of the asprepared Au 25 (SG) 18 nanoclusters was recorded using a UV−vis spectrophotometer (Molecular Devices SpectraMax M3), and the size of the nanoclusters was examined using a transmission electron microscope (JEOL JEM 3200FS with an accelerating voltage at 300 kV). The nuclear magnetic resonance (NMR) of the nanoclusters was recorded using JEOL 600 MHz NMR Instrument. The matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectra were acquired on a Bruker Microflex LRF mass spectrometer, using the 1,1,4,4-tetraphenyl-1,3-butadiene (TPB) matrix in negative mode.
RESULTS AND DISCUSSION
The synthesis of Au 25 (SG) 18 nanoclusters (charge state = −1) was carried out at room temperature and ambient conditions. The synthesis involves mixing 5 mL each of HAuCl 4 , glutathione, and NaBH 4 with a molar ratio of 1:4:5 for 24 h. This long duration of 24 h for the formation of nanoclusters is due to the size-focusing process. Given this is a thermodynamically controlled process, temperature can have a significant effect on the synthesis process. By investigating the temperature effect, we found that the temperature has a proportionality effect on the time of synthesis of the Au 25 (SG) 18 nanoclusters. For instance, the nanoclusters synthesized at 45°C took 6 h for their completion. When the same synthesis process was carried out at 60°C, the nanoclusters were obtained in just 2 h by enhancing the rate of the size-focusing step. The yield of the nanoclusters obtained was ∼40% (Au atom basis), which is comparable to that of the literature. 13 The UV−visible absorption spectra of the as-synthesized nanoclusters at these temperatures are shown in Figure 1 . The spectra show absorption bands at λ = 400, 450, and 670 nm, which are characteristic absorption bands for Au 25 (SG) 18 nanoclusters and are in good agreement with the literature, 25 confirming the formation of the nanoclusters. However, the UV−vis spectrum of the nanoclusters does not match to the UV−vis spectrum of pure Au 25 (SG) 18 nanoclusters reported in the literature, 14 therefore suggesting the presence of impurities in the form of larger-sized nanoparticles. A systematic study of the UV−visible absorption spectra of the nanoclusters synthesized at different temperatures over different times are shown in Figure 2 . The spectra obtained for nanoclusters synthesized at room temperature at a 6 h interval (Figure 2a) show a gradual emergence of the peaks at 400, 450, and 670 over a period of 24 h indicative of the size-focusing process with time. Figure 2b ,c shows a faster emergence of the same peaks with time for the spectra obtained for nanoclusters synthesized at 45°C for 6 h (with 2 h interval) and 60°C for 2 h (with 1 h interval), respectively. This comparison clearly shows that the size-focusing process can be enhanced by raising the reaction temperature.
The matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectra of the nanoclusters were analyzed to ascertain their size. Figure 3a ,b shows the MALDI-TOF mass spectra obtained for the nanoclusters synthesized at room temperature for 24 h and 60°C for 2 h, respectively, in the negative mode using the 1,1,4,4-tetraphenyl-1,3-butadiene (TPB) matrix. At lower laser power (50%), we could not observe any fragmentation of the nanoclusters, but at high power (>95%), we observed several fragments of the nanoclusters corresponding to different mass fractions. Further, the fragmentation pattern for both samples (at room temperature and 60°C) were similar. The most intense peak observed was at 4460 Da corresponding to Au 21 S 10 − . Several previously published reports observed the 21 atom Au nanocluster, Au 21 (SR) 14 , as the major mass fragment during the mass spectral fragmentation of Au 25 (SR) 18 nanoclusters (where R = C 2 H 4 Ph). 30−32 Other fragments observed were [Au 19 − (corresponding mass of 5308 Da) as the major mass fragment using α-cyano-4-hydroxycinnamic acid (CHCA) or without matrix (laser desorption ionization, LDI). 33−35 However, we did not observe [Au 25 S 12 ]
− as the major peak probably due to the impurities in the form of larger-sized nanoparticles present in the sample and also because of the use of different matrix or the high intensity of the laser power that we used for acquiring the mass spectra.
The transmission electron microscopy (TEM) image of the nanoclusters shows a uniform size distribution with an average size of ∼2 nm ( Figure S1 , Supporting Information), which corresponds well to the size of the Au 25 (SG) 18 nanoclusters, as reported in the literature. 34 However, the core size of Au 25 (SG) 18 nanoclusters is little over 1 nm and the observed size is larger due to e-beam-caused aggregation. In addition, the nuclear magnetic resonance (NMR) spectrum of the assynthesized Au 25 (SG) 18 nanoclusters was obtained to ascertain the Au 25 core structure and surface thiolate ligand distribution ( Figure S2a , Supporting Information). In the 1 H NMR of the nanoclusters, the signals at ∼4.5, ∼3.6, ∼3, ∼2.5, and ∼2 ppm correspond to the similar signals in the NMR spectrum of the pure glutathione molecules ( Figure S2b) . 34 The spectrum for Au 25 (SG) 18 nanoclusters however slightly differs from that reported in the literature, 34 with respect to the presence of the peak for the proton of −SH group, whereas this peak was not observed in the aforementioned literature. This is probably due to the presence of excess unbound glutathione on the Au 25 core in our experiments.
The synthesis time was improved by carrying out the reaction at a higher temperature. However, it was not affected by scaling-up of the volume of reactants. Figure S3 (Supporting Information) shows the UV−visible absorption spectra of the nanoclusters synthesized using the standard volume, scaled-up volume of 2 times (2×) and 5 times (5×). When the synthesis was carried out with double (2×) or five times (5×) the original volume of the reactants, similar results were obtained after a 24 h reaction. This result signifies the scalability potential of the synthesis protocol to achieve industrial scale production. Nevertheless, this size-focusing method of synthesis was influenced by the concentration of the reactants. A timebased analysis of the effect of different concentrations on the UV−visible absorption spectra of the products is shown in Figure 4 . With an increase in concentration of the reactants, the size-focusing time for the formation of nanoclusters increased. For instance, when the reactant concentrations were doubled, the size-focusing time to form the Au 25 (SG) 18 nanoclusters at room temperature was doubled to 48 h. This trend, however, did not continue when the concentration was increased further. When the concentration was increased up to 3 and above (up to 5) times, the size-focusing process did not occur even after 5 days and the reaction instead showed a broad absorption band at ∼520 nm, indicating the formation of bigger-sized plasmonic nanoparticles. It was clear from the analysis that at higher concentrations, there was formation of plasmonic nanoparticles at concentrations greater than 2 times. The probable reason for this could be due to the kinetics of formation of the nanoclusters dominating their thermodynamic stability. The availability of excess reactants in the medium resulted in the rapid growth of nanoparticles that increased their size spontaneously. In the case of double concentration, the thermodynamic stability achieved through the size-focusing step was slow. This was probably due to the increased number of mixed-size nanoparticles resulted from the higher concentration, thus making the size-focusing step require more time to form Au 25 (SG) 18 nanoclusters. 25 The Au 25 (SG) 18 nanoclusters were biocompatible due to the presence of glutathione ligand. 29 The UV−visible absorbance of the nanoclusters showed a λ max at 670 nm, which also extended into the near-infrared (NIR) region (Figure 1) . We took advantage of the NIR absorption capability of the Au 25 (SG) 18 nanoclusters and investigated the photothermal properties of the nanoclusters using a 808 nm diode laser ( Figure S4 , Supporting Information). As the nanoclusters exhibited good photothermal activity, we used them for in vitro photothermal therapy (PTT) of breast cancer cells (MDA-MB-231). Recently, the nanomaterial-mediated photothermal effect has gained increasing attention for biomedical applications due to its unique noninvasive light-to-heat photophysical conversion properties. 36, 37 Our results showed that the nanoclusters exhibited excellent photothermal effect ( Figure 5) . A majority of cell deaths were observed from the laser power of 7.5 W/cm 2 for 4 min, and 100% cell death was achieved at a laser power of 10 W/cm 2 for 5 min of irradiation time. This result was significantly better in terms of the laser power used to achieve 100% cell death when compared to other literature work using gold-based plasmonic nanomaterials for PTT. 38−40 This could be attributed to the higher surface-to-volume ratio of the Au 25 (SG) 18 nanoclusters compared to that of plasmonic nanomaterials, which helped in increased heat dissipation to surroundings. We had systematically investigated the PTT of MDA-MB-231 breast cancer cells using Au 25 (SG) 18 nanoclusters at different laser powers and irradiation times. Initially, a cell viability study was performed to determine the optimal concentration of the nanoclusters for PTT to be 0.75 mg/mL ( Figure S9 the cells in the presence of laser or the nanoclusters. However, when the laser and nanoclusters were used together, a maximum cell mortality of 100% (0% cell viability) was observed for the irradiation with a laser power of 10 W/cm 2 for 5 min. When the minimum laser power of 5 W/cm 2 was used, the cells were least affected and the cell viability remained over 90% even after the irradiation up to 5 min (Figure 5n ). The cell viability still maintained over 90% even when the laser power was increased to 6.25 W/cm 2 and the irradiation time up to 5 min (Figure 5o ). When the laser power was increased further to 7.5 W/cm 2 , the cell viability decreased with an increase in the irradiation time and the maximum cell viability of 93.3% was observed for 1 min and maximum cell mortality of 71.73% was observed for 5 min (Figure 5p ). This trend continued when the laser power was further increased to 8.75 W/cm 2 , where the cell viability decreased from 70.52 to 2.07% over the 5 min time duration, resulting in a maximum cell mortality of 97.93% at 5 min irradiation time (Figure 5q ). When the laser power was increased to a maximum of 10 W/cm 2 , we observed the cell viability dropped from 78.85% at 1 min to 0% at 5 min irradiation time (Figure 5r ). In summary, the cells were not affected when the laser powers of 5 or 6.25 W/cm 2 were used even up to 5 min of irradiation time and a gradual decrease in cell viability with the increase in irradiation time was observed for the laser powers of 7.5, 8.75, and 10 W/cm 2 . A maximum of 100% cell mortality was observed for 10 W/cm 2 at 5 min. The mechanism of cell death here was similar to that of the hyperthermia-induced apoptosis reported for other nanoparticle systems. 41−44 The photothermal heating of cancer cells is comparable to traditional hyperthermia therapy. The cancer cell death from hyperthermia-induced apoptosis generally occurs through the damage of cell membrane, denaturation of intracellular proteins, deterioration of DNA and RNA synthesis, and changes in gene experssion. 42 It was reported earlier that higher laser powers or use of pulsed lasers generally result in necrosis whereas lower laser powers and use of continuous wave lasers result in apoptosis. 45 Therefore, given the use of lower laser power/continuous wave lasers in our experiments, the mechanism of cell death in our photothermal experiments is expected to be due to apoptosis.
CONCLUSIONS
In conclusion, atomically precise Au 25 (SG) 18 nanoclusters were successfully synthesized using a single-step concentration and temperature-controlled synthesis technique within a short span of 2 h. Time-based investigations were carried out to study the effects of volume, concentration, and temperature on the formation of the nanoclusters. This high-temperature method decreases the synthesis time for the nanoclusters by over 10-fold than the currently existing procedures and does not need an inert atmosphere, low temperature (e.g., 0°C), or stirring, making it an extremely simple and cost-effective process. Furthermore, the Au 25 (SG) 18 nanoclusters were applied in the study of photothermal therapy using MDA-MB-231 breast cancer cells and they exhibited excellent photothermal activities in achieving 100% cell death at a power of 10 W/cm 2 using an 808 nm laser source, indicating great potential of Au 25 (SG) 18 nanoclusters for cancer phototherapy. This discovery of photothermal applications of Au 25 (SG) 18 nanoclusters is significant, considering limited reported applications of Au 25 (SG) 18 nanoclusters, although the nanoclusters were discovered more than 10 years ago. 
